[1] We investigate the spectral signature of ice clouds in the far-infrared (far-IR) spectral region from 100 to 667 cm À1 (15-100 mm). Individual particle scattering properties (extinction efficiency, absorption efficiency, and the asymmetry factor of the scattering phase function) are calculated for small particles using circular cylinders and for large crystals using hexagonal columns. The scattering properties are computed for particle sizes over a size range from 1 to 10,000 mm in maximum dimension from a combination of the T-matrix method, the Lorenz-Mie theory, and an improved geometric optics method. Bulk scattering properties are derived subsequently for 30 particle size distributions, with effective particle sizes ranging from 15 to 150 mm, obtained from various field campaigns for midlatitude and tropical cirrus clouds. Furthermore, a parameterization of the bulk scattering properties is developed. The radiative properties of ice clouds and the clear-sky optical thickness computed from the line-by-line method are input to a radiative transfer model to simulate the upwelling spectral radiance in the far-IR spectral region at the research aircraft height (20 km). On the basis of the simulations, we investigate the sensitivity of far-IR spectra to ice cloud optical thickness and effective particle size. The brightness temperature difference (BTD) between 250 and 559.5 cm À1 is shown to be sensitive to optical thickness for optically thin clouds (visible optical thickness t < 2). At the other extreme, for optically thick ice clouds (t > 8), the BTD between 250 and 410.2 cm À1 is shown to be sensitive to the effective particle size up to a limit of 100 mm. 
Introduction
[2] The radiative balance of the atmosphere is strongly influenced by the presence of cirrus clouds. Emission of infrared radiation by both water vapor and ice crystals is particularly important at long wavelengths (l > 15 mm). However, the role that cirrus clouds play in the atmosphere, especially their radiative forcing on the global scale, is far from being well understood [Liou, 1986; Stephens et al., 1990; Lynch et al., 2002] .
[3] In recent years, significant attention has been focused on the use of high-spectral resolution interferometer measurements for the inference of cloud properties. These techniques primarily focus on wavelengths between 8 and 12 mm [Ackerman et al., 1990; Smith et al., 1993 Smith et al., , 1998 DeSlover et al., 1999; Bantges et al., 1999; Rathke et al., 2002; Chung et al., 2000; Kahn et al., 2002] . These studies indicate that data from the 8 -12 mm thermal window are quite sensitive to the presence of small ice crystals when the optical thickness of the cloud is relatively small. The inference of ice cloud microphysical and optical properties is problematic for the cases with large optical thickness or large particle sizes in this spectral region.
[4] Recent efforts explore the applicability and feasibility of far-infrared (far-IR) to microwave measurements in retrieving atmospheric parameters [Vanek et al., 2001; Mlynczak et al., 2002] . Evans et al. [1998 Evans et al. [ , 1999 developed a model and provided simulations for the retrieval of cirrus cloud properties using very high-resolution submillimeter (10 -150 cm À1 ) spectral information. Mannozzi et al. [1999] and Di Giuseppe and Rizzi [1999] carried out a parameterization of cirrus clouds in the far-IR spectrum (10 -200 cm À1 ) based on Mie theory calculations, and found that scattering effects tend to increase the optical depth, thereby reducing the upwelling longwave radiation. Our intent is to demonstrate two potential advantages that may be gained from the use of high-spectral resolution data in the far-IR spectral region. Because of the strong absorption by lower tropospheric water vapor in this spectral region, the radiation from the surface and lower atmosphere is essentially blocked [Kratz, 2001] . As such, the upwelling radiance from the atmosphere is fairly uniform.
[5] We investigate the sensitivity of far-IR spectra to the ice cloud optical thickness and effective particle size. The brightness temperature difference (BTD) between 250 and 559.5 cm À1 (hereafter referred to as BTD (250 -559.5 cm À1 )) will be used to study the sensitivity of the far-IR brightness temperature to the optical thickness for optically thin cirrus clouds (i.e., for visible optical thickness t < 2). At the other extreme, i.e., for optically thick ice clouds where t > 8, the BTD (250 -410.2 cm
À1
) is used to investigate the sensitivity of far-IR brightness temperature to the effective particle size up to 100 mm.
[6] This paper proceeds as follows. In section 2 the singlescattering properties (extinction efficiency, absorption efficiency, and the asymmetry factor of the phase function) of ice crystals are computed by using a combination of the T-matrix method, the Lorenz-Mie theory, and the geometric optics method (GOM) for spectral region 100-667 cm À1 (or 15-100 mm). For simplicity in light scattering computations, ice crystals are assumed to be hexagonal for large particle sizes and circular cylinders for small particle sizes. Additionally, 30 size distributions obtained from various field campaigns for midlatitude and tropical cirrus clouds are used to calculate the bulk radiative properties. In section 3 the bulk mean single-scattering properties of ice clouds are parameterized in terms of polynomial functions with respect to the effective particle size. In section 4 the sensitivity of the far-IR brightness temperature to the microphysical properties of ice clouds is investigated. The radiative properties of ice clouds and the clear-sky optical thickness computed from the line-by-line (LBL) method are input to a discrete ordinates method radiative transfer (DISORT) code [Stamnes et al., 1988] to simulate the upwelling spectral radiance at a typical height (20 km) at which a research aircraft might collect data in the far-IR spectrum. The brightness temperature and their variations with respect to the microphysical properties of ice clouds at several ''dirty windows'' in the far-IR region are analyzed in detail. Finally, the conclusions of this study are given in section 5.
Single-Scattering Properties of Ice Crystals
[7] Ice clouds are almost exclusively composed of nonspherical ice crystals. Various ice crystal habits, or shapes, have been observed in cirrus clouds, including hexagonal columns and plates, bullet rosettes, and complex polycrystals and aggregates [e.g., Heymsfield et al., 2002] . Although the scattering properties of ice crystals vary with crystal habit [Evans and Stephens, 1995] , in the present study the shape of ice crystals is assumed to be a combination of hexagonal columns for large particle sizes and circular cylinders for small particle sizes. The effect of the sharp edges of the side faces of pristine ice crystals may not be important at far-IR wavelengths when particle sizes are small because of the moderate size parameters and also the strong absorption of ice in this spectral region [Lee et al., 2003] . Thus the use of circular cylinders as surrogates of hexagonal columns for small pristine ice crystals does not produce substantial errors.
[8] The single-scattering properties of a particle depend on particle size, refractive index, and shape. Figure 1 shows the variation of refractive index of ice [Warren, 1984] in the far-IR region. On the basis of the relatively high values of the imaginary part of the refractive index, it is evident that ice crystals are strongly absorptive in the spectral region of 100-700 cm
À1
. Additionally, the real part of the refractive index has a pronounced minimum at wave numbers in the vicinity of 250 cm
. This minimum can lead to a relatively low extinction efficiency because of a mechanism similar to the Christiansen effect [Arnott et al., 1995; Yang et al., 1997] . The minimum in the imaginary part of the refractive index is located around 410 cm
; the strongest scattering effect will be in this wave number region.
[9] The present calculations of single-scattering properties are performed for 168 wave numbers selected between 100 and 667 cm
. Because of the relatively weak variation of refractive index versus wave number, the scattering properties at other wave numbers that are not located at the aforementioned 168 wave numbers can be obtained by interpolation. To fully define the three-dimensional geom- Figure 1 . The variation of refractive index in far-IR region (data from Warren [1984] ).
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etry of an ice crystal with a given size, the aspect ratio for ice crystals is defined by Yang et al. [2001] as 2a/L, where L is the length of an ice crystal and a is the semiwidth of the cross section defined as:
[10] Although a number of methods have been developed [see the recent review by Mishchenko et al., 2000] for calculating the single-scattering properties of nonspherical particles, none is applicable to an arbitrary shape for a wide range of particle size parameters. The size parameter is defined as x = pD e /l, where D e is particle effective diameter and l is wavelength. The finite difference time domain (FDTD) [Taflove, 1995; Liou, 1995, 1996a; Sun et al., 1999] and discrete dipole approximation (DDA) [Purcell and Pennypacker, 1973; Draine and Flatau, 1994] are two methods that are applicable to an arbitrary particle geometry. However, it is computationally impractical to calculate the single-scattering properties of a nonspherical particle with a size parameter larger than 20 by using the FDTD or DDA method. The T-matrix method [Mishchenko and Travis, 1998 ] can be applied to size parameters up to 200 for axisymmetrical particles. Approximate methods, such as the GOM [Yang and Liou, 1996b ] are suitable when the particle size is much larger than the wavelength. Traditionally, an ''equivalent'' spherical approximation is used to compute the scattering properties of nonspherical particles, particularly at infrared wavelengths. Fu et al. [1998 Fu et al. [ , 1999 and Yang et al. [2001] found that the Lorenz-Mie theory applied to equivalent spheres overestimates the scattering and absorption efficiencies in the resonance size parameter region for hexagonal columns, whereas the GOM method underestimates the efficiencies. The two methods converge for Figure 2 . The extinction efficiency, absorption efficiency, and asymmetry factor of ice crystals at four wave numbers, n = 667, 500, 200, and 100 cm À1 computed from T-matrix, GOM, and Mie methods. The composite results (solid) described in the text are also plotted.
large particles. While we use a nonspherical model for ice crystals in light scattering computations, we note that the approach suggested by Grenfell and Warren [1999] presents an effective alternative, particularly for radiative flux calculations.
[11] We derive the single-scattering properties of ice crystals covering a range of sizes from 1 to 10,000 mm using the composite method suggested by Fu et al. [1998 Fu et al. [ , 1999 . For small particles less than 120-300 mm in size, the T-matrix method is employed. For larger particles, a weighted summation of GOM and Lorenz-Mie solutions is employed to form a composite result for hexagonal ice crystals. For the weighted summation (composite result) of GOM and the Lorenz-Mie solutions, the weighting coefficients are determined in such a manner that there is no discontinuity in the transition between the T-matrix solution and the composite result. We adopt the convention by Foot [1988] , Francis et al. [1994] , Mitchell and Arnott [1994] , Fu et al. [1998] , and Grenfell and Warren [1999] , to define the radius of an equivalent sphere as R e = 0.75V/A, in which V and A are the volume and projected area of nonspherical particles, respectively.
[12] Figure 2 shows the extinction efficiency, absorption efficiency, and asymmetry factor for randomly oriented ice crystals for particle sizes ranging from 1 to 10,000 mm at wave numbers of 667, 500, 200, and 100 cm À1 . The composite results are provided as solid lines in the diagram. The equivalent spherical results tend to overestimate the extinction and absorption efficiencies in comparison with the nonspherical results computed by the T-matrix method, whereas GOM tends to underestimate them because of tunneling effects [e.g., Baran et al., 2001] that are not considered here. The composite solution for the singlescattering properties of ice crystals, except for the asymmetry factor at a wave number of 100 cm
À1
, varies smoothly over the range of particle sizes. The Lorenz-Mie, GOM, and the composite results converge for the case of large ice particle sizes. With the composite method, the derived single-scattering properties of ice crystals cover a wide particle size spectrum from 1 to 10,000 mm.
[13] The complex refractive indices at 667, 500, 200, and 100 cm À1 have the values (1.57094, 0.17489), (1.50141, 0.06688), (1.62973, 0.54398), and (1.83240, 0.13889), respectively. Because of the differences in the imaginary part of the refractive index, the maximum in absorption efficiency at 200 cm À1 is higher than for the other three wave numbers. The absorption at 500 cm À1 is quite weak. As a result, the extinction efficiency at 500 cm À1 shows three resonant maxima because scattering effects dominate at this wave number.
[14] Figure 3 shows the variation of single-scattering properties as a function of wave number for four particle sizes. When the maximum dimension of an ice crystal is small (say, 5 mm), the extinction efficiency, absorption efficiency, and asymmetry factor are small. This occurs because the size parameter is small and the single-scattering properties are similar to those in the Rayleigh scattering regime. From  Figures 1 and 3 , it is evident that the variation of absorption efficiency with wave number for small particles depends strongly on the imaginary part of the refractive index.
[15] Figure 4 shows the contours of the extinction efficiency, absorption efficiency, and asymmetry factor of ice particles as functions of wave number and particle size. A sharp variation is evident in the transition of the values of the single-scattering properties for small particles to those for large particles. For the extinction contours, three resonant maxima are noted in the spectral region between 300 and 700 cm À1 , whereas only one is observed in the wave number region between 100 and 200 cm
. For the spectral region centered at 250 cm
, the extinction resonant maximum is absent and the extinction efficiency reaches its asymptotic value when the particle size is larger than approximately 100 mm. For the absorption efficiency, the transition between small and large values tends to correspond inversely to the imaginary part of the refractive index, as is evident from a comparison of Figure 1 and the second panel of Figure 4 . As shown in the third panel of Figure 4 , the asymmetry factor increases with particle size for a given wave number. The asymptotic value of the asymmetry factor is reached when the particle size is larger than 100 mm at a wave number of 100 cm
. At 700 cm À1 , the asymmetry factor reaches its asymptotic value at 30 mm.
Bulk Optical Properties of Cirrus Clouds and Parameterization
[16] The size distribution of ice crystals is important in the computation of the bulk, or mean, single-scattering Figure 3 . The variation of single-scattering properties of ice crystals as a function of wave number at four discrete ice crystal sizes (L = 5, 100, 1000, and 10,000 mm).
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properties of ice clouds. In this study we select the 30 size distributions from Fu [1996] and Mitchell et al. [1996] . These size distributions were measured in a variety of midlatitude and tropical cirrus clouds during several field campaigns.
[17] Following Yang et al. [2001] , the mean extinction efficiency hQ e i, mean absorption efficiency hQ a i, mean asymmetry factor hgi, and mean single-scattering albedo hwi are defined for cirrus clouds as follows:
Figure 4. The extinction efficiency, absorption efficiency, and asymmetry factor of ice crystals as functions of wave number and maximum dimension.
where
and Q a (L) are the extinction and absorption efficiencies calculated for individual ice crystals whose maximum dimension is denoted by L. A is particle projected area, n is the particle number density, and L min and L max are the minimum and maximum sizes in the size distribution.
[18] The mean single-scattering properties are functions of wave number and depend on the particle size distribution. The effective particle size provides a measure of the average size of the cloud particles for a given size distribution. There are diverse ways to define the effective particle size of nonspherical ice crystals in the literature. Following Foot [1988] , Francis et al. [1994] , Fu [1996] , and Grenfell and Warren [1999] , the effective particle size of nonspherical particles associated with a given size distribution is defined as follows:
where V and A are the volume and projected area of an ice particle, respectively.
[19] Figure 5 shows the mean extinction efficiency, absorption efficiency, and asymmetry factor calculated for the 30 size distributions at four wave numbers. The bulk scattering properties of ice crystals are strongly dependent on the effective particle size and also sensitive to wave number. At higher wave numbers (e.g., n = 559.5 cm À1 ), the mean extinction efficiency shows a relatively smooth variation as a function of the effective particle sizes. However, at lower wave numbers (e.g., n = 250.0 cm À1 ), the overall pattern of the extinction efficiency indicates a monotonic increase of the efficiency with an increase in effective particle size. The absorption efficiency is much lower at 410.2 cm À1 than at the other three wave numbers because of the relatively small imaginary part of the ice refractive index at 410.2 cm À1 (see Figure 1 ). The mean asymmetry factor increases with an increase in effective particle size.
[20] Figure 6 shows the spectral variation of mean singlescattering properties for four particle effective particle sizes. The mean extinction efficiency tends to reach its asymptotic value at higher wave numbers (n > 500 cm À1 ), whereas a strong dependence of the extinction efficiency on effective particle size is noted at lower wave numbers. For absorption efficiency, a pronounced sensitivity to particle size is evident Figure 5 . The mean extinction efficiency, absorption efficiency, and asymmetry factor calculated for the 30 size distributions (circle). The solid lines are curve fits in terms of a third-order polynomial function of effective particle size.
at wave numbers around 400 cm À1 . The mean asymmetry factor increases with both wave number and particle size. For large particles, the radiation impinging on a particle tends to be absorbed and the scattered energy is dominated by diffraction. The diffracted energy is concentrated in the forward direction, leading to a large asymmetry factor.
[21] Figure 7a shows the spectral variations of mean single-scattering albedo as a function of wave number for four effective particle sizes. Figure 7b shows the variation of the mean single-scattering albedo with effective particle size for four wave numbers. In Figure 7a , the greatest sensitivity of the mean single-scattering albedo to the effective particle size is displayed in the spectral regions between 200-300 and 350 -550 cm
À1
. Additionally, Figure 7b shows that the mean single-scattering albedo decreases with an increase in effective particle size at higher wave numbers (e.g., n = 559.5 cm À1 ), whereas the mean single-scattering albedo increases with the effective particle size at lower wave numbers.
[22] Figure 8 shows the contours of the mean extinction efficiency, absorption efficiency, and asymmetry factor as functions of both wave number and effective particle size. The variations of extinction and absorption efficiency are related directly to the variations of both the real and imaginary parts of the refractive index. From the results shown in Figures 1 and 8 , it seems that the extinction efficiency appears to be influenced primarily by the real part of the refractive index while the absorption efficiency is influenced primarily by the variation of the imaginary part of the refractive index. The values in the left lower corners of each contour plot in Figure 8 are close to zero, implying that the optically thin cirrus clouds have less effect on the radiative transfer for very small particles and lower wave numbers (longer wavelengths) in the far-IR region where the Rayleigh scattering approximation is valid.
[23] A parameterization is developed for the mean singlescattering properties in terms of third-order polynomial functions of effective particle size at each wave number as follows:
where C ij (i = e, a, g; j = 0, 1, 2, 3) are the fitting coefficients which are functions of wavelength l. Tables 1a -1c list these Figure 6 . The variation of mean extinction efficiency, mean absorption efficiency, and mean asymmetry factor as a function of wave number for four particle sizes. The variation of mean single-scattering albedo as a function of particle effective particle size for four wave numbers.
fitting coefficients for 56 wave numbers. As an example, the parameterization results for the single-scattering properties at four wavelengths are shown in Figure 5 (solid lines).
[24] In practice, radiative transfer models often specify ice cloud properties in terms of ice water content (IWC) and effective particle size (D e ). As shown by Yang et al. [2001] , the optical thickness of a cirrus cloud can be given as
where r ice is the mass density of ice and Áz is cloud thickness. The ice water path (IWP) describes the path integration of IWC and is given by IWP = R Áz IWCdz.
[25] An alternative specification for the optical thickness of a cirrus cloud in the far-IR spectrum can be specified in terms of the visible optical thickness of the cloud by
where we assume the mean extinction efficiency of ice crystals at a visible wavelength (for example, 0.55 mm) is 2. This is a reasonable assumption because of the large size parameters of typical ice particles at a visible wavelength. We will use the visible optical thickness in the subsequent analyses. Given the IWP or visible optical thickness and effective particle size of a cirrus cloud, we may obtain the Figure 8 . Mean extinction efficiency, absorption efficiency, and asymmetry factor as functions of wave number and effective particle size.
optical thickness, single-scattering albedo, and asymmetry factor.
[26] We now discuss the sensitivity of far-IR brightness temperatures at selected wave numbers to the microphysical and macrophysical properties of the ice clouds based on the parameterization. [27] Air-or spaceborne measurements of the thermal IR atmospheric spectra (8 -12 mm) have been widely used to retrieve the cirrus cloud properties such as cloud height, phase, infrared optical thickness, and particle size [e.g., Smith et al., 1993 Smith et al., , 1998 Rathke et al., 2002] . The basic principle for the inference of IR optical thickness and particle size is that ice particles have relatively stronger absorption at wavelengths between 11 and 13 mm than wavelengths between 8 and 10 mm, and the absorption depends on the ice crystal size. The upwelling radiance depends on both the optical thickness and effective particle size.
[28] There are some limitations in the use of mid-IR data for the retrieval of cloud properties. Figure 9 shows the BTD between 8.5 and 11 mm (henceforth BTD [8.5 -11] ) as a function of the optical thickness and effective particle size of the crystals. The BTD [8.5 -11] is sensitive to small particles over a range of optical thicknesses. But, when the cloud is either optically thin or optically thick, there is little sensitivity, particularly when the effective particle size is large. The properties of optically thin or optically thick clouds are difficult to infer from mid-IR data.
[29] The inference of optically thin cirrus cloud properties using other methods such as solar reflectance algorithms is problematic, with an exception being perhaps the 1.38-mm algorithm developed by Gao et al. [2002] . As an important complement to these techniques, we find that the BTD of some wave numbers in the far-IR are quite sensitive to optically thin ice clouds. In the following section, we suggest a method to infer the optical thickness of thin cirrus. We also suggest a method to infer the effective particle size for optically thick ice clouds.
Far-IR Spectral Brightness Temperature Simulation
[30] To investigate the spectral radiative signature of ice clouds in the far-IR region, upwelling brightness temperatures are calculated at the cruising altitude of a research aircraft (20 km) using the DISORT code [Stamnes et al., 1988] and the bulk single-scattering properties of ice clouds discussed in the previous section. The optical thicknesses of the clear-sky atmosphere at each layer are computed with a LBL radiative transfer model developed by Heidinger [1998] , and accounts for the radiatively important gases in the atmosphere (i.e., H 2 O, CO 2 , O 3 , CO, N 2 O, CH 4 , etc.). We compared the simulated results based on Heidinger's model with those computed from Chou's LBL model [Chou and Kouvaris, 1986] and did not find substantial differences. The line parameters are taken from HITRAN-2000 [Rothman et al., 1998 ]. The continuum absorption of water vapor and other gases within this far-IR wave number range are calculated using the CKD-2.4 model [Tobin et al., 1999] . The US standard atmospheric profiles including the vertical profiles of temperature, pressure, water vapor, and ozone are used in the LBL calculations. The profiles of other trace gases are assumed to have a constant mixing ratio at each level. The atmosphere is interpolated into 100 layers below 30 km. The cloud temperature is assumed to be the same as the atmospheric temperature at that level. The surface is assumed as a blackbody (with unit emissivity 1) with a temperature of 288.15 K.
Wave Number Bands Selected for Sensitivity Study
[31] Figure 10 shows the atmospheric vertical optical thickness under clear-sky conditions from the aircraft level to the surface (0 -20 km). The monochromatic optical thicknesses are degraded to 0.6 cm À1 spectral resolution, following Mlynczak et al. [2002] , by a convolution with an instrumental response function that is chosen as a rectangle function with 0.6 cm À1 full maximum half width (FWHA). The clear-sky optical thickness from the surface to observation altitude is considerably high. Essentially, the atmosphere is opaque at far-IR wave numbers less than 400 cm
À1
. However, the atmosphere is somewhat more transparent at some wave numbers, such as around 500 cm À1 , a region denoted as a ''dirty window'' by Rathke et al. [2002] . In Figure 10 Figure 9 . The sensitivity of the brightness temperature difference (BTD) between 8.52 and 11.0 mm to effective particle size for four optical thicknesses.
D (496.8 cm

À1
), and E (559.5 cm
). These wave numbers are located at locations between strong water vapor absorption lines, and are more transparent than other nearby wave numbers. These labeled wave numbers are suggested as additional dirty windows. In fact, the atmosphere at such wave numbers is opaque at lower altitudes. However, at higher altitudes, the absorption is weaker and the brightness temperature at those wave numbers increases relative to other wave numbers. These wave numbers are called atmospheric dirty windows.
[32] These wave numbers, listed in Table 2 , are selected for the sensitivity study of ice cloud properties not only because they are located in atmospheric dirty windows, but also because of their location in regions of strong or weak absorption in ice crystals. For example, the channels at A and E are located in regions of strong ice absorption, while channels B, C, and D are in regions of relatively weak ice absorption. The band at C has the greatest sensitivity to the scattering properties (see Figure 7) of the ice clouds. Both the scattering and absorption properties are used to infer cirrus properties. Additionally, a band is defined at 250 cm À1 and labeled ''X'' in Table 2 and Figure 10 . This band is useful for inferring properties of optically thin ice clouds. The brightness temperature at this wave number is low under clear-sky conditions. The utility of this channel is to increase the sensitivity to thin cirrus clouds as will be demonstrated in the following sections.
Sensitivity of the BTD to Effective Particle Size and Optical Thickness
[33] Figure 11 shows the far-IR brightness temperature spectra for a nadir view at the research aircraft level (20 km) under clear-sky and thin cirrus cloud conditions. The calculations are performed by assuming that a cirrus cloud is located at 10 km altitude, with a 1-km geometric thickness and a effective particle size of D e = 50 mm. The results demonstrate that far-IR radiation decreases if ice clouds are present. The brightness temperature decreases with increasing optical thickness.
[34] We now investigate the sensitivity of the far-IR spectal information to the microphyscial properties of the ice clouds. The study is based on the BTD between two channels: one is located at a strong water vapor absorption band (e.g., n 1 = 250 cm À1 ), the other is at an atmospheric dirty window (e.g., n 2 = 559.5 cm
À1
). The sensitivity to the optical thickness, particularly for optically thin cirrus clouds, increases about 20 K relative to the case for two dirty windows channels located at n 1 = 238 cm À1 and n 2 = 559.5 cm À1 .
[35] Figure 12 is the BTD derived for four visible optical thicknesses ranging from t = 0.2 to t = 1.5. The results in Figure 12 show that the brightness temperature changes nearly 29 K as optical thickness varies from 0.2 to 1.0, whereas it only increases about 9 K as the optical thickness varies from 1.0 to 1.5. The BTDs saturate at large optical thicknesses because of the strong absorption by the ice particles. The BTDs show little variation with effective particle size, varying primarily with the optical thickness. By comparison, the upwelling radiation in the thermal IR window (8-12 mm) changes with both the effective particle size and optical thickness (see the results in Figure 9 for optical thicknesses smaller than 3). We are led to conclude Figure 10 . Atmospheric optical thickness of clear sky from the surface to 20 km altitude (U.S. standard atmosphere, the letters A -E and X indicate the channels used for retrieving the ice cloud properties in the text). Figure 11 . The far-infrared brightness spectra for a nadir view at air craft level (20 km) under clear-sky conditions as well as for cirrus clouds having different visible optical thicknesses. The clouds are located at 10 km altitude, have a 1-km geometrical thickness, and an effective particle size of D e = 50 mm.
that for ice clouds having a small optical thickness, the optical thickness may be inferred with a better accuracy using far-IR data compared to retrievals based on the mid-IR spectrum.
[36] The ensuing discussion is for a different case: that of the sensitivity of far-IR BTD to the effective particle size for ice clouds of high optical thickness. The scattering by ice particles has an influence at approximately 410 cm À1 and acts to decrease the radiance from the atmosphere below the clouds, resulting in a lower brightness temperature. Figure 13 shows the far-IR brightness temperature spectra for four effective particle sizes when the visible optical thickness is 10. Between 300 and 550 cm À1 , where scattering has an important influence, some sensivity is demonstrated for the effective particle size. From Figure 7 , the difference of single-scattering albedo between 250 and 410.2 cm À1 is large, and thus is dependent on the effective particle size. This feature results in the sensitivity of the BTD to the effective particle size. Figure 14 shows the variation of BTD (250 -410.2 cm À1 ) as a function of the effective particle size for three optical thicknesses. The BTD (250 -410.2 cm À1 ) values decrease with an increase of effective particle size, and are almost independent of the optical thickness when t > 8, because the differences in the single-scattering albedo between 250 and 410.2 cm À1 increase with the decrease of effective particle size (see Figure 7a ). When the effective particle size is greater than 100 mm, the BTD reaches an asymptotic value.
[37] Figure 15 shows the variations of the BTD (250-559.5 cm
) and BTD (250 -410.2 cm À1 ) to the optical thickness for four effective particle sizes. The BTD between 250 and 559.5 cm À1 in Figure 15a increases with the optical thickness but displays little variation with the effective particle size when t < 2. In Figure 15b , the BTD (250-410.2 cm
) depends primarily on effective particle size when the optical thickness is greater than 5 for D e = 80 mm. Furthermore, the BTD depends only on the effective particle size when optical thickness is greater than 8. When the optical thickness is within the range 2 -5, the BTD is a function of both effective particle size and optical thickness.
Sensitivity to the Atmospheric Profiles
[38] Two very different atmospheric profiles are used to gain some insight as to the sensitivity of the BTDs to changes in vertical profiles of temperature and water vapor. The BTD (250-559.5 cm Figure 16 . Because the brightness temperature of the dirty windows for the subarctic winter atmopshere is much lower than that of tropical atmosphere, the BTD between 250 cm À1 and the dirty windows is higher and the sensitivity decreases for the subarctic winter atmosphere relative to a warmer tropical Figure 12 . Brightness temperature difference between two channels n 1 = 250.0 cm À1 and n 2 = 559.5 cm À1 as a function of effective particle size for four cirrus optical thicknesses. Figure 13 . The far-IR brightness spectra for four effective particle sizes for optically thick ice clouds, where the visible optical thickness t = 10. , for three ice cloud optical thicknesses.
atmosphere. The BTDs between 250 and 559.5 cm À1 in the subarctic winter atmosphere is 40.7 K higher than that of the tropical atmosphere for thin cirrus clouds when t = 0.1, and 32.8 K higher when t = 3.0. in Figure 16a . The BTDs between 250 and 410.2 cm À1 in the subarctic winter atmosphere is 32 K higher than that of the tropical atmosphere when the effective particle size is 15 mm, and 33.8 K higher when the effective particle size is 80 mm for an optically thick ice cloud in Figure 16b . The BTD sensitivities to optical thickness for thin cirrus clouds and the effective particle size for optically thick ice clouds are shown in Table 3 for tropical, subarctic winter, and U.S. standard atmospheres. The sensitivity of BTD to optical thickness for thin cirrus clouds is only 2.0 K lower per unit optical thickness than the tropical atmosphere, with similar results for the subarctic winter atmosphere. The relative differences between the BTD values as a function of effective particle size do not change significantly between the tropical and subarctic winter atmospheres.
Sensitivity to the Cloud Altitude
[39] The absorption of water vapor results in the atmosphere being opaque over much of the far-IR spectrum. The influence of the absorption of water vapor on the brightness temperture of ice clouds is related to the altitude of the clouds because water vapor abundance decreases with altitude.
[40] Figure 17 shows the sensivity of the BTD to the microphysical properties of ice clouds residing at four altitudes. The sensitivity to optical thickness increases with an increase in the altitude of the cloud. When the cloud altitude is lower than 4 km, there is little sensitivity of BTD to either optical thickness or particle effective particle size due to the increase in absorbtion by upper atmospheric water vapor. At cloud heights above 6 km, the sensitivity of ) and BTD (250 -410.2 cm À1 ) values are shown for two atmospheric models: (a) tropical standard atmosphere, and (b) subwinter standard atmopshere. The surface temperature is 300 K for the tropical model and 257.1 K for the subwinter profile. The cloud altitude is 10 km. The difference of BTD for the two atmospheric models is due primarily to the difference in surface temperature. The effective particle sizes are assumed as 15, 30, 50, and 80 mm from the top curve to the bottom for each group. far-IR brightness temperature to effective particle size (the slope of BTD to effective particle size) remains almost constant.
Summary
[41] We investigate the spectral signature of ice clouds in the far-IR spectral region from 100 to 667 cm À1 (15 -100 mm). Individual particle scattering properties (extinction efficiency, absorption efficiency, and the asymmetry factor of the scattering phase function) are calculated for a combination of hexagonal columns (large particles) and circular cylinders (small particles). Single-scattering properties are derived for particles having maximum dimensions from 1 to 10,000 mm using a combination of the T-matrix method, the Lorenz-Mie theory, and an improved GOM. Bulk scattering properties are derived subsequently for 30 particle size distributions obtained from various field campaigns for midlatitude and tropical cirrus clouds. These distributions have effective particle sizes ranging from 15 to 150 mm. On the basis of the bulk scattering properties derived for the various size distributions, a parameterization of the bulk scattering properties is developed.
[42] The sensitivity of far-IR brightness temperature to the microphysical properties of ice clouds was investigated using a LBL radiative transfer model and the DISORT computational program. The brightness temperature and its sensitivity to the microphysical properties of ice clouds in several dirty windows in far-IR region are discussed. The BTD between two channels (250 and 559.5 cm À1 ) is used to investigate the sensitivity to the optical thickness for thin cirrus clouds. One channel is located in a strong absorption band sensitive to both water vapor and ice clouds. The other band is located at an atmospheric dirty window that is also sensitive to the presence of ice clouds. The BTD (250-559.5 cm
À1
) shows some sensitivity to optical thickness when the cloud visible optical thickness is less than 2. The sensitivity is much larger than that of thermal IR window method, and is independent of the effective particle size.
[43] Under conditions when the cloud visible optical thickness is extremely high, greater than 8, the BTD between another two channels (250 and 410.2 cm À1 ) shows a potential sensitivity to the effective particle size. One channel is located at a strong absorption band that is sensitive to the presence of both water vapor and ice particles; the other channel is located in an atmospheric dirty window that displays very low absorption but strong scattering due to the ice particles. For larger optical thicknesses, the strong scattering properties result in a much lower brightness temperature in the strong scattering channel than that located at a strong absorption band. We find that the BTD between these two channels is sensitive to the effective particle size and is independent of optical thickness. The sensitivity of BTD to optical thickness decreases with altitude. The sensitivity to effective particle size does not change significantly with the atmospheric profiles or for clouds at altitudes above 6 km.
[44] The present work provides some insight as to the potential utility of inferring ice cloud optical thickness and effective particle size from far-IR spectra. The analysis of far-IR spectra displays some sensitivity to the properties of ice clouds in regimes that complement analyses of mid-IR spectra. However, for these far-IR BTD analyses to be used in some operational sense, additional information is required such as the atmospheric temperature profile, water vapor profile, the cloud altitude, and the cloud temperature. ) as a function of ice cloud effective particle size. The visible optical thickness is fixed at 10.
